A number of Wnt genes have been implicated in various aspects of chondrogenesis (Zakany and
. However, further analysis revealed that Wnt-4 does not play a role in joint development, but acts on adjacent cartilage to promote chondrocyte maturation (Hartmann and Tabin, 2000) . Here, we report that another member of this gene family, Wnt-14, is also expressed in developing joints. In contrast to previously reported signaling molecules expressed in joint forming regions, Wnt-14 misexpression induces morphological and molecular signs of joint formation, indicating that Wnt-14 plays a crucial role in the initiation of synovial joint development.
Results

Expression of Wnt-14 in the Developing Chick Autopod
In a comprehensive screen for Wnt genes expressed during skeletogenesis in the chick, we isolated a probe for Wnt-14 based on the previously published sequence (Bergstein et al., 1997) . Preliminary analysis indicated that Wnt-14 was expressed within developing joints. We compared the expression of Wnt-14 to that of Gdf5, which has previously been shown to be expressed in the developing joint (Figure 1 ). At day 5 of development, Wnt-14 is expressed in a transverse stripe in the presumptive joint region of the future metatarsophalangeal joints of digits II-IV ( Figure 1A ), as well as in the interdigi- that at all of these stages, the mesenchymal expression (I) Wnt-14 expression (signal in red) in structures of the joint capsule of Wnt-14 is limited to soft tissue next to the skeletal (black arrowhead), in the synovial membrane (white arrowhead), elements (e.g., white arrow in Figure 1E ) and is excluded and in muscles (asterisk). (J) Gdf5 expression (signal in red) in the from the perichondrium (e.g., stained dark blue, see red fibroarticular cartilage of the knee joint (asterisks). All sections are orientated proximal to the left. h, humerus; u, ulna; f, femur; t, tibia. arrowhead in Figure 1E ). Thus, the only expression of Wnt-14 in the chondrogenic region is in the forming joint. Wnt-14 may have a distinct role in the soft tissue both tendons and muscles ( Figure 1I and data not adjacent to the skeletal elements in differentiation of shown). In contrast, Gdf5 expression at these stages is tendons or other soft tissue derived structures. Finally, restricted to the fibroarticular cartilage of the joint (Figin fully-developed Figures 1G-1I) . In addiTo evaluate a potential role for Wnt-14 in joint formation, we used a retroviral vector to misexpress it in the postetion, Wnt-14 expression at these later stages is seen in blue staining ranged from an almost complete absence of cartilage elements in heavily infected regions (ulna, Figure 2A ) to gaps in the cartilage matrix in partially infected elements (digits, Figures 2A and 2B) . Histological analysis of such limbs revealed that in the heavily infected regions, which stained weakly with Alcian blue, the prechondrogenic condensations had formed but did not show any signs of further chondrogenic differentiation (compare Figure 2D with 2C) .
The morphology of Wnt-14-infected chondroblasts is very similar to that of cells in the normal joint interzone (compare Figure 2F to 2E) . The cells are densely packed and their ECM stains only weakly with SafraninO, indicating that the ECM of these cells has a lower chondromucin content, similar to cells found in the normal joint interzone. In addition, immunohistochemical stainings revealed that the infected cells express collagen type III (arrowhead, Figure 2H ), a characteristic matrix component of developing joints ( Figure 2G ; Ros et al., 1995). Thus, by both morphological and histological criteria, Wnt-14 is able to induce changes in the developing skeletal elements that are consistent with the initiation of ectopic joint formation.
Wnt-14 Arrests and Reverses Chondrogenic Differentiation In Vitro
During the normal process of joint formation, mesenchymal condensations lose Alcian blue staining in jointforming regions as cells exit the chondrogenic pathway. Similarly, when we misexpressed Wnt-14 in vivo, the developing skeletal elements displayed gaps in Alcian blue staining in the infected regions (Figures 2A and  2B ). To verify that Wnt-14 is capable of reverting Alcian blue-positive condensations to an Alcian blue-negative state, micromass cultures (MMC) were made from mes- In particular, the phenotypic effects assayed by Alcian ( Figures 3G and 3J ). After two more days, the control To further analyze whether the condensed mesenfected digits as internal controls. In individual digit rays infected this way, we observed phenotypic changes chyme present in Wnt-14-infected regions truly reflects an interzone phenotype, we examined the expression similar to those seen in the earlier infections, albeit in more localized regions ( Figures 4A, 5A , 6A, and data of a number of genes that are normally expressed within developing joints. Gli3 is one of several genes that are not shown). The regions of densely packed, condensed mesenchyme present within the infected digits were inknown to be expressed in the interzone of the joint, but which are also expressed in the perichondrium and in deed found to be expressing Wnt-14, using a probe that detects both exogenous and endogenous transcripts the mesenchyme surrounding the developing skeletal elements (Hui et al., 1994) . Therefore, while Gli3 was (Figures 4B, 5B, 5C, and 6B). When we aimed injections into the nonchondrogenic interdigital regions at stages indeed upregulated in Wnt-14-infected regions (data not shown), this was not considered definitive evidence of 26-28, we did not observe similar phenotypic effects on the adjacent cartilage elements of the digits, nor did we a joint phenotype. However, we were able to exclude the possibility that these condensed mesenchymal cells observe morphological changes within the infected soft tissue (data not shown).
were related to either perichondrial or mesenchymal cells by simultaneously analyzing Bmp4 expression, To address the molecular nature of the Wnt-14-infected, condensed mesenchymal regions, we first anwhich at these stages is expressed at high levels in the perichondrium and the interdigital mesenchyme, but is alyzed the expression of a number of genes that are known to be expressed in early prechondrogenic connot yet expressed within the joint interzone ( Figure 4G ; Figure 7B ). There are reports that the BMP antagonist Noggin is 5J). By contrast, autotaxin expression is confined to the middle layer of the interzone (Figure 5G ), while Wnt-4 capable of altering the process of joint formation, for example converting a digit 3, which normally has three expression is restricted to the lateral edges ( Figure 6I) . The Wnt-14-infected regions recapitulate this pattern, phalanges, to a digit 2-like element containing only two phalanges (Dahn and Fallon, 2000) . One would expect with autotaxin confined to a relatively narrow strip of cells nested within a much broader domain of chordin that if there is a change in location or number of joints, it would be reflected by an earlier alteration in the exexpression (compare Figure 5H with 5K) , and Wnt-4 expressed only at the edge facing the adjacent mesenpression of joint markers, including Wnt-14. We implanted Noggin beads into the distal region of the interchyme ( Figure 6J) . Thus, the spatial expression of these genes, together with the histological and molecular data digital region between digits 3 and 4 in the leg at stage 27-28 and replicated the previously published result, presented above, strongly argues that the Wnt-14-infected region is induced to take on an interzone-like and moreover observed the predicted changes in Wnt-14 expression (data not shown). However, the signifiphenotype. . Wnt-14 plays a role at the earliest step in this chordin is specifically upregulated in the early joint interzone in response to Wnt-14, and hence could be a process, the induction of the joint interzone. Significantly, at least some secondary signals appear to be secondary signal responsible for the spacing of the joints ( Figure 7C) . However, the cellular mechanism reinitiated as a consequence of Wnt-14 expression. For example, Gdf5 is a secreted signal necessary for joint sponsible for the effect of ectopic Noggin on joint spacing has not been reported. In this regard it must be formation produced in response to Wnt-14. Moreover, we have observed that distinct zones of the joint innoted that application of Noggin beads do not result in larger skeletal elements that are simply missing joints, terzone express characteristic molecular markers, and that these distinct regions of differential gene expresbut rather in the apparent loss of phalanges such that fewer segments are present. From our own observations sion are recapitulated following Wnt-14 misexpression. Nevertheless, it is still unclear whether Wnt-14 is suffiin replicating these experiments, we strongly favor the hypothesis that ectopic Noggin produces the described cient to trigger all of the subsequent steps in producing a mature joint. Given the fact that joint development is phenotypes by interfering with the chondrogenesis-promoting activity of BMP signaling such that the condena complex process, it is more than likely that additional signals are necessary in order to produce a mature joint. sation of the distal phalange is either delayed or pre- of DMEM containing 10% fetal calf serum and 2% chick serum was Riboprobes for Wnt-14, CD44rel, Gdf5, and autotaxin were generadded. For infections on day 2, 10 l aliquots of the mesenchymal ated using T7 RNA polymerase from templates linearized with SpeI cell suspension were plated onto four-well 10 mm tissue culture or, in the case of autotaxin, with NcoI. Riboprobes for Col2 and dishes and then incubated for 2 days, at which point a set of referaggrecan were generated using Sp6 RNA polymerase from temence cultures were fixed (4% paraformaldehyde/PBS), while meplates linearized with NcoI. dium supplemented 1:1 with sterile-filtered conditioned media from DF1 cells infected either with RCAS-AP, RCAS-mWnt-5a, RCAS-
Processing of Chick Embryos and In Situ Hybridization
Bmp4, or RCAS-Wnt-14 was added to control and experimental Embryos were staged according to Hamburger and Hamilton (1951) , cultures, respectively. Cells were further cultured for two more days, fixed in 4% paraformaldehyde/PBS (pH 7.4) for 6-8 hours, or overwith fresh conditioned medium added twice daily and then fixed on night at 4ЊC, and processed for either whole embryo skeletal staining day 4. In all cases, cultures were stained with Alcian blue (pH 1) to or paraffin sectioning. For radioactive section in situ hybridizations visualize chondrogenic nodule formation. Peanut-agglutinin staining on serial sections, two continuous 5 m microtome sections of was done as previously described by Rudnicki and Brown (1997) paraffin-embedded uninjected contralateral (left) and virallyusing biotinylated peanut-agglutinin (Vector). For each experiment, infected (right) limbs (treated in parallel and embedded into the at least four cultures of each type were analyzed, and each experisame mold) were successively collected onto 5-8 alternating slides ment was repeated three times with similar results. and processed as described (Hartmann and Tabin, 2000 
